The neurotrophins are a family of neuronal growth factors which act via specific receptor tyrosine kinases to regulate the development and differentiated properties of many classes of neurons in the PNS and CNS (for reviews, see Eide et al., 1993; Korsching, 1993; Snider, 1994) . Although gene localization and phar-macological studies have suggested biological actions for these molecules, many aspects of their functions in vivo remain unresolved. The recent generation of mice in which neurotrophins or their receptor genes (t&s) have been deleted by homologous recombination have provided definitive tools with which to delineate functions of neurotrophins during development. Studies in these animals have revealed that neurotrophin/Trk signaling is required for the survival of most classes of primary sensory neurons in the PNS Crowley et al., 1994; Ernfors et al., 1994a,b; Farifias et al., 1994; Jones et al., 1994; Klein et al., 1994; Smeyne et al., 1994) . A particularly clear understanding of neurotrophin actions is emerging for neurons of the dorsal root ganglion (DRG). It has become apparent that neurotrophin dependence of these neurons is strikingly segregated according to sensory modality. Thus, DRG neurons mediating nociception require the prototypical neurotrophin, NGF and express its signaling receptor, TrkA (Johnson et al., 1980; Carroll et al., 1992; Ruit et al., 1992; Crowley et al., 1994; Smeyne et al., 1994) , while neurons mediating proprioception require the more recently identified neurotrophin-3 (NT-3) and express its primary signaling receptor, TrkC (Ernfors et al., 1994b; Farihas et al., 1994; Klein et al., 1994) . The classes of DRG neurons which are dependent on brain-derived neurotrophic factor (BDNF) or neurotrophin-4/5 (NT-4/5) and express their common signaling receptor, TrkB, have not yet been identified (see Klein et al., 1993; Silos-Santiago et al., 1993; Ernfors et al., 1994a; Jones et al., 1994) .
The idea that NGF regulates the development of nociceptors is derived from studies which show that animals deprived of NGF/TrkA-signaling during embryonic life have reduced sensitivity to painful stimuli (Johnson et a!., 1980; Crowley et al., 1994; Smeyne et al., 1994) , that their DRGs are depleted of small-diameter neurons (Johnson et al., 1980; Ruit et al., 1992; Crowley et al., 1994; Smeyne et al., 1994) , and that their DRGs show reduced levels of calcitonin gene-related peptide (CGRP) and substance P (SP) (Kessler and Black, 1980; Otten et al., 1980; Crowley et al., 1994) , peptides associated with nociceptive functions (see Lawson, 1992 , for a review). Furthermore, the DRG neurons that are lost project to superficial laminae in the dorsal horn, the area of the spinal cord associated with primary nociceptive processing . Although the idea that NGF regulates nociceptors is established in a general sense, it is important to emphasize that nociceptive neurons are very heterogeneous in their functional and morphological properties (see Perl, 1992; Lewin and Mendell, 1993 , for reviews). Thus, DRG (Verge et al., 1992; Ernfors et al., 1993; Averill et al., 1994; Molliver et al., 1995 ; see also Verge et al., 1989; Mu et al., 1993a) , while reported neuronal loss after abolishing NGF/ TrkA signaling during development has varied between 70 and 85% in both rats and mice (Johnson et al., 1980; Ruit et al., 1992; Crowley et al., 1994; Smeyne et al., 1994) . A group of DRG neurons of particular interest in light of this discrepancy is a small-diameter population which bind BSI isolectins of the plant, Bandeiraea simplicifblia.
These lectin-binding neurons account for roughly 30-40% of the rat DRG population (see Hunt et al., 1992) . Although data are conflicting on this point, it appears that most of these neurons do not express substance P or CGRP (see Hunt et al., 1992; Lawson, 1992 , for reviews). Furthermorz, this population is probably identical to a group of small diameter DRG neurons which do not bind NGF with high affinity in adult animals (Verge et al., 1989) , or show TrkAimmunoreactivity (Molliver et al., 1995) . Whether these lectinbinding DRG neurons require NGF for survival during development is unknown.
Here, we have used mice in which the NGF receptor, TrkA, has been inactivated by gene targeting in order to define further populations of primary sensory neurons which require NGF/ TrkA signaling for survival. We show that all neurons that have been associated with nociceptive functions on the basis of axon caliber, dorsal horn projections, intermediate filament content, and peptide staining are lost in the homozygous trkA mutant mice. We also show that a large proportion of DRG neurons that bind BSI do not express TrkA in postnatal life, and therefore should be NGF-independent. Surprisingly, the BSI-positive neurons are also lost in trkA (-/-) mutant mice. These lectinbinding DRG neurons must either require interactions with TrkA-expressing neurons for their survival, or downregulate TrkA during embryonic development.
Materials and Methods

Generation
of t&A (-/-) mutant mice. Mice heterozygous for a targeted mutation in the tyrosine kinase domain of the trkA locus were generated as described in Smeyne et al. (1994) . Anesthesia and perjiusion.
Pregnant mice and 2 week postnatal pups were anesthetized by intraperitoneal injection of a 3:3:1 cocktail of xylazine (10 mg/kg), ketamine (95 mg/kg), and acepromazine maleate (0.7 mg/kg). Embryonic day 17 fetuses were anesthetized by hypothermia. Animals were perfused transcardially with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.2). All animals were postfixed in fresh fixative for at least 24 hr. Animals were processed separately for immunohistochemistry. counts. Paraffin sections were stained with 1% cresyl violet, and DRG neuron counts were made from every tenth section. The numbers of DRG neurons in L4 and L.5 ganglia were determined by counting only cells with an obvious nucleus containing one or more nucleoli. DRG neurons were viewed using at 50X objective on a Nikon. Microphot FXA photomicroscope. In order to correct for split nuclei, 36 fields were sampled randomly. Fields were photographed using a Kodak DCS 200 digital camera, and images downloaded to a Macintosh Quadra 900. Images were adjusted for brightness and contrast using ADOBE PHOTOSHOP 2.5.1. For each pair of sampled fields, both the bottom of one section and the surface of the consecutive section were photographed. We counted the number of cell nuclei that appeared in both fields. We found that only 4% of the neurons with a nucleus containing nucleoli appear on two successive sections. Therefore, the final number of DRG neurons was estimated by multiplying the raw data by the correction factor, 0.98. Rtk-Ex, a polyclonal antibody generated against the extracellular domain of trkA was very generously provided by Dr. Louis E Reichardt. Rtk-Ex was used at 1:EOOO. A monoclonal antibody to the high molecular weight neurofilament protein (NFH) (Zymed, San Francisco, CA) was used at 1:200 dilution. A rabbit polyclonal antibody generated against parvalbumin was provided by Piers Emson, and used at 1:5000. The rabbit polyclonal peripherin antibody, generously provided by Dr. Linda Parysek, was used at 1:200. The antibody to CGRP (Peninsula, Belmont, CA) was diluted to 1:750. The rabbit polyclonal SP antiserum was used at 1500 dilution. Secondary antibodies were conjugated to CY3 (Jackson Immunochemicals, West Grove, PA ) or Bodipy (Molecular Probes, Eugene, OR) and used at 1:200.
Immunohistochemistry.
Mice were perfused transcardially with 0.1 M phosphate buffer, followed by 3% paraformaldehyde, 15% picric acid in 0.1 M phosphate buffer, pH 7.4. The entire vertebral column was removed and placed without postfixation into 30% sucrose for 12-24 hr, then frozen in OCT embedding medium using liquid nitrogen. Transverse sections were cut at 12 brn on a cryostat, mounted on Fisher SuperFrost/Plus slides, and allowed to air dry.
Mounted sections were encircled with a Teflon coating using a Pap pen (Kyota International, Inc., Elk Grove Village, IL), and incubated for 1 hr in a blocking solution consisting of Superblock buffer (Pierce Chemical Company, Rockford, IL), 0.3% Triton X-100, 0.3% TWEEN 20 (Electron Microscopy Sciences, Ft. Washington, PA), 1.0% porcine gelatin (Sigma, St. Louis, MO), and 1.5% normal serum (Vector, Burlingame, CA). This solution was diluted 1: 1 with Superblock buffer/ 1.5% normal serum, and used for the dilution of primary and secondary antibodies. Sections were incubated in the primary antibody overnight (12-16 hr). Slides were then washed three times (5 min each) with PBS and incubated in the secondary antibody for 30 min, washed again 3 X 5 min in PBS, and coverslipped in PBS or SlowFade (Molecular Probes, Eugene, OR). Sections were examined under fluorescence optics and photographed using Kodak Ektachrome color film, ASA 400.
Lectin histochemistry.
Sections were processed for lectin histochemistry as above, with the following modifications. After the preincubation step, biotinylated preparations of BSI (Sigma, St. Louis, MO) were applied to tissue sections. The reagent "BSI" is a mixture of all BSI isolectins from Bandeiraea simplicifolia.
In rat, this reagent binds both small peptidergic and small nonpeptidergic DRG neurons (Molliver et al., 1995) . A particular isolectin, BSI-B4, binds primarily the nonpeptidergic population in rat (Silverman and Kruger, 1990) . In our hands both BSI and BSI-B4 bind principally the nonpeptidergic population in mouse. BSI was used at a concentration of 10 pglml in PBS containing 0.01 M MgCl,, CaCIZ, pH 6.8, and incubated overnight. After washing in PBS, sections were incubated for 60 min in avidinylated Bodipy (Molecular Probes, Eugene, OR) diluted 1:200, or avidinylated CY3 (Jackson Immunochem~als, West Grove, PA) diluted I : lOdO in SO mM Tris. 1.8% saline. oH 7.4. washed in Tris buffer and viewed under fluorescence. Double-labeled sections were processed completely for lectin binding, washed in blocking buffer and then processed for immunohistochemistry.
DiI labeling. Embryonic day 17 animals instead of 2 weeks postnatal pups were used for these experiments because the diffusion distance is less in embryos and because the rate of DiI diffusion is slowed in postnatal animals due to myelination. Furthermore, even at this early time 80% of DRG neurons have been already eliminated in trkA (-/-) mutant mice . Embryos were fixed transcardiallv with 4% naraformaldehvde and Dostfixed in the same fixative for 48 hr,-prior to DiI'crystal placement. In our experience, a lighter fixation allows a somewhat faster diffusion of the tracer. Following postfixation, the viscera were removed, crystals of the carbocyanine dye 1,l '-dioctadecyll3,3,3',3'tetramethylindocarbocyanineperchlorate (DiI, Molecular Probes, Eugene, OR) were crushed and a small fragment placed within DRG for whole dorsal root projection labeling, or on the skin for cutaneous afferent labeling.
Following the appropriate time interval, the spinal cords were embedded in 3.5% agar and sectioned on a vibratome at 75 pm. Sections were then placed on microscope slides in a drop of phosphate buffer, coverslipped, and viewed on a Nikon Microphot FXA microscope under rhodamine epifluorescence. Suitable sections were photographed using Kodak Ektachrome color ASA 400 and Ilford XPI BW ASA 400 films.
To convert DiI to a permanent label, sections were photoconverted utilizing diaminobenzidrne (DAB; Sandell and Masland, 1988) . Sections were olaced on a slide in a solution of 2.6 mg. DAB/ml in 0.1 M Tris buffe; (pH 8.2) for 30-90 min. Under rhodamine epifluorescence and a 10X objective, the DAB will replace the DiI fluorescence with a permanent brown reaction product. Following photoconversion, the sections were rinsed in 0.1 M Tris buffer (pH 8.2) and air-dried overnight on gel subbed slides. The sections were then stained with thionine, deh;/drated in a graded series of ethanols, cleared in xylene, and covershpped with DPX mountant (Electron Microscopy Sciences, Ft. Washington, PA).
In situ hybridization. Paraffin sections were cut at 5 pm thickness and in situ hybridization was performed with ??-labeled sense and antisense riboprobes. cRNA probes for trkC and trkB were prepared as previously described (Mu et al., 1993a) . Each of the trk probes recognizes the extracellular region of the receptor.
The in situ hybridization procedures employed have been described previously (Mu et al., 1993a) . Paraffin-embedded tissue sections were hybridized with radiolabeled antisense or sense probes at 55°C for 18 hr. Following hybridization, the sections were washed in a series of SSC washes and treated with RNaseA to digest nonhybridized, singlestranded probe. Slides were then dipped in Kodak nuclear track emulsion (NTB2, Rochester, NY) for autoradiography and stored at 4°C. Following a 2 week exposure, slides were developed in Kodak D19, counterstained with hematoxylin and eosin (Sigma, St. Louis, MO), and mounted with DPX (Electron Microscopy Sciences, Ft. Washington, PA).
Results
Small DRG neurons are eliminated in the homozygous but not in heterozygous trkA mutants
In agreement with previous studies ; see also Crowley et al., 1994) , we find profound loss of primary sensory neurons in the trkA (-/-) mutant mice. L4-L5 DRGs from 2 week old trkA (-/-) mice have only 2195 2 79 neurons, compared to 12,415 2 1237 neurons in the wildtype (+/+) controls (Table I, Fig. 1 ). Thus, more than 80% of DRG neurons require NGF/TrkA signaling for survival during development. In contrast to this massive neuronal loss in trkA (-/-) mutants, most DRG neurons in the trkA (+/-) animals (Figs. 2B, 3 ). Approximately 50% of the myelinated axons are lost in the trkA (-/-) mice (Table 2 ). Many of the missing axons are in the size range 2-5 p,mZ (Figs. 2B, 3) , which corresponds roughly to the size range of AS fibers (see Boyd and Davey, 1968 , for data from cat; Martin and Jessell, 1991 , for data in human). In fact, 80% of axons in the 2-5 pm2 are lost in trkA( -/ -) mice. Thus, the majority of A6 axons are NGF-dependent. No such loss of small axons was observed in trkA (+/-) animals (Figs. 2B, 3) . Based on the size frequency histograms, it appears that some large-diameter axons are also lost in trkA (-l-) mutants, consistent with findings that some large-diameter DRG neurons express TrkA protein (Molliver et al., 1995) . More than 60% of DRG neurons have unmyelinated axons (Harper and Lawson, 1985; Hulsebosch et al., 1986) . Although the majority of these neurons are involved in nociception, some mediate thermal and visceral processing (see Light, 1992 , for a review). To assess the degree of loss of unmyelinated axons in the trkA (-/-) animals, we analyzed the axonal composition of dorsal roots at the ultrastructural level (Fig. 4) . Figure 4 , C and D, demonstrate the marked depletion of unmyelinated axons in the trkA (-/-) mice when compared to wild-type (Fig. 4A ) and heterozygous animals (Fig. 4B) . In wild-type and heterozygous animals, unmyelinated axons were typically found in clusters containing 2040 axons. In contrast, in (-/-) mutants, unmyelinated axons were found in isolation or in small clusters of only two to three axons. Axon counts from photomicrographs suggest that the loss of unmyelinated axons exceeds 95% in (-/-) mutants. The few unmyelinated axons that remained had relatively large axonal diameters (Fig. 4C,D) . Whether these fibers are involved in a specific physiological function, or represent a group of fibers that are just beginning to myelinate at this age (P15), is unknown.
Peptides associated with nociceptive functions are absent in DRGs and dorsal horn in homozygous trkA mutant mice neurons revealed extensive loss of small-diameter peptidergic neurons and their projections to the superficial dorsal horn (Figs.  5, 7) . CGRP is a neuropeptide that has been implicated in nociceptive processing (see Hunt et al., 1992 , for a review). Staining for CGRP is abundant in the wild-type DRG at P15 ( mutants. In contrast, histograms from (+/-) animals look almost identical to wild type. Average soma size is 454 I? 12 pm2 in wild-type (+I+), 482 ? 13 pm2 in (+/-) and 670 ? 13 pm2 in (-I-) mutant mice. B. Size-frequency histograms of L4 dorsal root myelinated axons. Percentages of myelinated axons having a particular area (km') in (-I-), (+/+), and (+/-) animals are as indicated. Almost 90% of the smallest mvelinated fibers are absent from trkA homozygous animals. As with soma areas, no differences were observed between the trkA (+/+) and the trkA {+/-) animals.
restricted to lamina I and the outer portion of lamina II (IIo), a pattern similar to that observed for TrkA (see Fig. 60 ). CGRP-IR in the mutant trkA (-/-) dorsal horn was virtually eliminated and few if any immunopositive DRG neurons were observed (Figs. 5&D) . Similarly, expression of SP, another peptide marker of nociceptive function, was also eliminated in the DRGs of P15 trkA (-/-) mice (Fig. 7E,F) . Crowley et al. (1994) have reported similar findings in NGF (-/-) mutant mice. Finally, immunoreactivity for peripherin, an intermediate filament protein frequently used as a marker for small DRG neurons with darkly staining cytoplasm ("small dark cells") (Parysek and Goldman, 1988) , was also virtually eliminated in the DRG (data not shown).
BSI-binding identi$es DRG neurons which do not express T&A, but are eliminated in trkA (-/-) mice A large subpopulation of small DRG neurons with unmyelinated axons is known to bind BSI isolectins of the plant Bandeiraea simplicifolia (Silverman and Kruger, 1990; see Hunt et al., 1992 , for a discussion of the primary literature). As expected from previous studies in rat, we observed that BSI robustly labels a large population of small-diameter DRG neurons and the entirety of lamina II in wild type animals (Figs. 5E,G, 6B-D). In order to assess the potential NGF dependence of these lectin-positive neurons, we performed colocalization studies with BSI and a polyclonal antibody against the extracellular domain of TrkA (Rtk-Ex; see Materials and Methods) in P15 animals. TrkA protein is expressed by a minority of DRG neurons (roughly 45%) with a range of sizes comparable to that observed for CGRP (compare Figs. 5A, 6A ). The range of sizes of TrkA-positive neurons reflects the fact that neurons with both myelinated and unmyelinated axons are labeled. In spinal cord, TrkA axons innervate lamina I and 110, corresponding to the pattern observed for CGRI? BSI neurons (Fig. 6B) are smaller than the largest TrkA-neurons, presumably because BSI labels exclusively DRG neurons with unmyelinated axons. Interestingly, most of the BSI positive neurons do not exhibit colocalization with TrkA at P15 (Fig. 6C) . Furthermore, in dorsal horn, BSI labeling includes the inner aspect of lamina II (Iii), an area that does not receive axons from TrkA-expressing neurons (Fig. 60) . These findings suggest that a substantial fraction of BSI-positive neurons do not express the signaling TrkA receptor and should be NGF-independent. Surprisingly, no DRG neurons were labeled by BSI in Pl.5 trkA (-/-) mutant mice (Fig. 5F ). Furthermore, BSI labeling of lamina II in the spinal cord was completely abolished (Fig.  5H) . That all lectin-binding neurons are eliminated in the trkA (-/-) mutants indicates that a large group of DRG neurons which do not express TrkA in postnatal life are, in some manner, dependent on NGF/TrkA signaling during development.
All projections to supe&ial dorsal horn are absent within the spinal cord of the trkA knockout mice The massive loss of peptidergic and lectin-binding neurons as well as loss of small-diameter myelinated and unmyelinated axons in the trkA (-/-) mutants should virtually eliminate the dorsal root projection to laminae I and II of the dorsal horn (see Fyffe, 1992 , for a review of primary afferent projections to dorsal horn). To determine whether any classes of dorsal root axons remained in the superficial dorsal horn of trkA (-/-) animals, we labeled this projection in its entirety with the lipid-soluble tracer DiI. For technical reasons, these experiments were performed at E17.5 (see Materials and Methods). Although occasional axons were observed in laminae I and II in these preparations, it was apparent that the vast majority of the dorsal root projection was eliminated in the trkA (-/-) mice (Fig. 7AJ) . In contrast, the central projections of two other major groups of dorsal root axons (proprioceptive afferents 'and afferents from low-threshold mechanoreceptors) were not obviously affected. trkA homozygous (-/-) and trkA heterozygous (+/-) mutants. Left panel shows, at low magnification, the size differences in the dorsal root from the wild-type (+/+) mice compared with (-/-) and (+/-) mutants. Note that the size reduction in the dorsal roots of trkA (-/-) mutants is not so dramatic as observed for the ganglion. This is presumably because root size is mainly determined by the numbers of the large myelinated axons, which are not reduced in trkA (-/-) animals. The right panel shows, at higher magnification, that the smallest myelinated fibers (arrows) are absent in the (-I-) mutants when compared to (+/+) and (+/-) animals.
Placing DiI crystals in the skin allows a particularly clear by El7 (Fig. 7C,D) . The primary afferent projection to laminae view of innervation of a restricted region of dorsal horn ( Fig.  III and IV appeared relatively normal in the trkA (-/-) animals. 7C). In these preparations, we observed only rare axons in lamAll of these findings agree with results of a previous study in inae I and II in trkA (-/-) mutant animals, in contrast to the rats treated with anti-NGF antibodies during development (Ruit dense innervation that is already present in wild-type controls et al., 1992). The absence of projections to laminae I and II at El75 shows that the DRG neuron loss in the trkA (-/-) mutants occurs early in embryonic development (see Silos-Santiago et al., 1994) .
Surviving DRG neurons in trkA-deficient mice contain phosphorylated NFH
In contrast to the virtual elimination of neuropeptides and lectin markers, numbers of DRG neurons expressing cytochemical markers associated with "large light" DRG neurons were not substantially altered in trkA (-/-) mice. Thus, antibodies to the phosphorylated high molecular weight neurofilament protein (NFH; see Lawson, 1992 , for a review) revealed a relatively normal complement of "large light" neurons in trkA (-/-) mutants (Fig. 7G,H) . Particularly of interest is that virtually all remaining neurons in the DRGs of trkA (-/-) animals stained with antibodies against NFH (Fig. 7H ). As expected, many DRG neurons in trkA (-/-) animals stained with antibodies against parvalbumin (data not shown), which is now known to be a selective marker for proprioceptive neurons (Ernfors et al., 1994b) .
Finally, in order to determine whether all remaining neurons express a member of the Trk family, we performed in situ hybridization with probes against trkB and t&C. In agreement with previous studies, substantial numbers of neurons which expressed trkB and trkC were observed (Carroll et al., 1992; Crowley et al., 1994) . Interestingly, when both trkB and trkC were hybridized together, few, if any, unlabeled neurons were observed in the DRGs of trkA (-/-) animals (Fig. 8) . This latter finding demonstrates that the 25-35% of DRG neurons which express no neurotrophin receptors Wright and Snider, 1995) in maturity, are actually NGF-dependent during development. This result suggests that the non-neurotrophin receptor group is identical to the group of non-trkA expressing neurons which bind BSI.
Discussion
In this study, we have shown that virtually all DRG neurons associated with nociceptive functions on the basis of morphological criteria are lost in the trkA (-/-) mutant mice. In addition, we show that many small neurons in the DRG which bind BSI isolectins do not express the signaling NGF receptor, TrkA, and therefore should be NGF-independent. These neurons almost certainly correspond to a group of 25-35% of small DRG neurons which do not express any known member of the Trk family in postnatal animals Wright and Snider, 1995) . Surprisingly, inactivation of the trkA gene by homologous recombination leads to total elimination of these small, lectin-binding DRG neurons.
Our findings are entirely consistent with the current view that primary sensory neurons with nociceptive functions require NGF for survival during development (Johnson et al., 1980; Otten et al., 1980; Goedert et al., 1984; Yip et al., 1984; Carroll et al., 1992; Ruit et al., 1992; Crowley et al., 1994; . Furthermore, we show here that all populations of DRG neurons which have been associated with nociceptive functions on the basis of morphological and histochemical criteria require TrkA receptors for survival at some developmental stage. Thus, virtually all neurons with soma areas < 400 pm2, almost all DRG neurons with unmyelinated and small-diameter myelinated axons, the entire projection to lamina I and II, all neurons expressing CGRP and SP, all neurons binding BSI, and neurons expressing the intermediate filament, peripherin, are lost in trkA (-/-) mutant mice. Although we have not determined the physiological characteristics of the remaining dorsal root axons in these animals, our morphological findings are consistent with the loss of most A6 axons and virtually the entire C-fiber population. We thus demonstrate that the dependence of nociceptive neurons on NGF/TrkA signaling during development is all-inclusive: we could find no evidence that any subpopulations of DRG neurons with presumed nociceptive functions on the basis of morphological criteria survive elimination of TrkA receptors. The decreased responsiveness to pain, the appearance of scabs and ulcerations on the body and paws, and the selfmutilation phenomena observed in neonatal animals that have been deprived of NGF/TrkA signaling by antibodies or gene targeting are entirely consistent with this interpretation (Johnson et al., 1980; Crowley et al., 1994; Smeyne et al., 1994) .
The NGF-dependence of DRG neurons binding BSI is of particular interest. These neurons largely overlap with those that express the cytoplasmic enzyme fluoride-resistant acid phosphatase (FRAP) (McMahon, 1986; Silverman and Kruger, 1990; see Hunt et al., 1992 , for a review). Most of these are thought to be polymodal nociceptors (Lawson, 1992) , but they have two distinguishing characteristics. First, although there is controversy on this point, most BSI-binding DRG neurons appear not to express CGRP or SP (see Hunt et al., 1992 , for a review of the primary literature). Second, many BSI-binding neurons (and those expressing FRAP) project to the inner part of lamina II, an area not innervated by CGRP, SP, or TrkA axons. Thus, at least some BSI neurons must have different functions than the peptidergic, TrkA-expressing population. Interestingly, the majority of neurons in the inner portion of lamina II have been shown by several investigators to respond to innocuous mechanical stimulation, rather than to nociceptive stimuli (for reviews, see Perl, 1984; Willis and Coggeshall, 1991; Light, 1992) . Consistent with this idea is the finding that non-nociceptive C-fibers account for 20-3Q% of the unmyelinated axons in rat (Lynn and Carpenter, 1982) . That some of these neurons may be NGF-independent in maturity is underscored by the findings of Lewin and Mendell (1994) , who showed that the effects of postnatal NGF or anti-NGF administration are largely selective for a subset of C-fibers comprising the mechanoheat polymodal nociceptors, with little or no effect on non-nociceptive C-fibers. Clearly, however, these small, non-nociceptive DRG neurons which encode innocuous thermal or low-threshold mechanoreceptive stimuli must be NGF-dependent during embryonic development, as they are lost in the t&A-l--) mutants. (-/-) mutant. E, BSI labels a large population of small DRG neurons @rows) in wild type mouse. F. All BSI positive DRG neurons are absent in the rrkA (-/-) mouse. G, BSI labels the entirety of lamina II of the superficial dorsal horn (lower arrows).
Lamina I is not stained (small upper arrows). H, BSI labeling in spinal cord is also has been eliminated in the trkA(-/-) mutant mice. Scale bar, 50 p,m. hair-follicles afferents (long arrow), as well as fine cutaneous afferents (asterisk) are present in the gray matter of the spinal cord. In contrast, in the trkA (-/-) mice (B) fine cutaneous afferents innervating laminae I and II of the spinal cord are absent (asterisk) . In contrast, Ia (thick awow) and hair-follicle afferents (long arrow), appear relatively unaffected. C and D show transverse sections of the spinal cord where the dorsal root projection has been labeled with DI from the skin and photoconverted with DAB. C, wild type. Note that both superficial laminae (I and II, arrows) as well to deeper laminae (III and IV) of the dorsal horn are densely innervated. B, trkA (-I-) . Notice that no axons project to laminae I and II (urrows) . In contrast, the projection to laminae III and IV appears normal. E-H, Transverse sections of DRGs illustrating immunoreactive DRG neurons for SP and NFH. E, DRG from wild type mice showing SP-IR neurons (arrows). F, In the trkA (-I-) mutant all SP-positive DRG neurons have been eliminated. G, NFH labels a population of large DRG neurons in wild type mouse (smdl arrows), while a large population of small DRG neurons are NFH negative. H, Note that all remaining DRG neurons in the trkA (-/-) mutant are NPH positive. A large subpopulation of BSI positive neurons does not express TrkA (small arrows). Some DRG neurons (open arrows) are not labeled by either marker. These are the largest neurons in the ganglion D. BSIiTrkA double labeling in the spinal cord. TrkA labels lamina I and outer part of lamina II (arrowheads) .
BSI labeling of the inner aspect of lamina II (III, arrows) is apparent. BSI also labels Lissauer's tract (Liss). M, Medial; L, lateral. Scale bars, 40 pm. and trkA (-/-) animals hybridized with probes against both t&B and trkC. In DRGs from (+/+) animals, neurons which express either trkB or trkC at high levels are readily apparent (arrows). However, regions of the ganglion which show no hybridization are also observed. Bright-field examination of these areas shows numerous neurons which do not hybridize with either the trkB or trkC probes. In contrast, all neurons in (-/-) animals show hybridization when the trkBltrkC probe mixture is used (arrows). Asterisks denote areas in the center of the ganglia containing axons and Schwann cells.
A surprising feature of our findings is that the heterozygous trkA mutants exhibit little if any DRG neuron loss. It is clear from our results that trkA is the primary mediator of the survival-promoting actions of NGF in vivo (see also Smeyne et al., 1994) . If current ideas are correct about neuronal number being, in part, determined by limiting quantities of growth factors during development (see Oppenheim, 1991 , for a review), one would predict that decreases in receptor number, as should occur in trkA (+/-) animals, would have a substantial impact on neuron survival. Indeed, in animals heterozygous for a mutation in the NT-3 locus, the number of proprioceptive afferents appears to be reduced by 50% (Ernfors et al., 1994b) . Although there was a trend toward smaller numbers of DRG neurons in the trkA (+/-) animals, it did not reach significance. Furthermore, sizefrequency histograms did not show atrophy of remaining neurons or axons. Crowley et al. (1994) also noted little DRG neuron loss in mice heterozygous for a NGF mutation. The reasons for this discrepancy in effects of heterozygosity for an NT-3 mutation compared to heterozygosity for NGF or trkA mutations are unclear. For example, we do not yet know to what extent numbers of TrkA receptors are actually reduced in the trkA (+/-) animals, or growth factor levels are actually reduced in NGF (+/-) and NT-3 (+I-) animals. It is also important that growth factor requirements for nonsurvival functions may be as much as loo-fold greater than growth factor requirements for survival (Verdi et al., 1994) . Thus, it is entirely possible that DRG neurons in heterozygous animals will exhibit subtle, but physiologically significant changes in functional properties (see Crowley et al., 1994) .
NGF dependence of non-T&A expressing DRG neurons A major surprise in the current study is that many of the lectinbinding DRG neurons which require TrkA receptors for survival during development do not express TrkA in maturity. This DRG subpopulation is the first characterized example of a neuronal class in which the signaling NGF receptor, TrkA, is not expressed, but the neurons are nevertheless dependent on NGE Our findings explain the large discrepancy between the percentages of DRG neurons reported to express TrkA (40-50%) and the percentages of DRG neurons reported lost in the setting of NGF deprivation (70-85%). It is possible that previous studies have underestimated the percentage of TrkA-expressing neurons due to insensitivity of methods for detecting TrkA expression. This seems unlikely for three reasons. First, all previous investigations aimed at detecting either TrkA protein or mRNA have arrived at very similar percentages (40-50%) of TrkA-expressing neurons in the adult rat DRG (Verge et al., 1992; Ernfors et al., 1993; Averill et al., 1994; Molliver et al., 1995 ; see also Mu et al., 1993a; McMahon et al., 1994; Wright and Snider, 1995) . Second, studies determining percentages of DRG neurons exhibiting high-affinity NGF binding have also arrived at a figure of approximately 45% (Verge et al., 1989) . Finally, two studies using a "cocktail" of neurotrophin receptor probes have agreed in finding that 25-35% of DRG neurons express no neurotrophin receptor Wright and Snider, 1995) . The non-TrkA expressing, lectin-binding neurons almost certainly correspond to the 25-35% of DRG neurons with small soma areas which do not express p75 or any known member of the Trk receptor family Wright and Snider, 1995) .
At least two explanations may account for the NGF-dependence of non-TrkA expressing DRG neurons. First, non-TrkAexpressing neurons may be indirectly dependent on NGF for their survival. It is known that at least one neurotrophin, BDNE is expressed within the DRG (Ernfors and Persson, 1991; Schecterson and Bothwell, 1992) , and preliminary results suggest that BDNF expression is regulated by NGF (Apfel et al., 1994) . It is therefore possible that non-TrkA-expressing neurons in the ganglia are dependent on another growth factor synthesized by TrkA-expressing neurons. Although such a scenario seems plausible, no studies in vivo have yet documented neuron loss due to this type of paracrine growth factor dependence. Indeed, the massive loss of NGF-dependent neurons observed in NGF (-/-) and trkA (-/-) mice appears to have little effect on neighboring NT-3-dependent proprioceptive neurons within the DRG.
An alternative explanation is that small, lectin-binding neurons exhibit plasticity of trkA expression during development. Indeed, developmental changes in neuronal expression of surface molecules, amino acid receptors, and transmitter phenotypes are integral to neural development. With regard to neurotrophin receptors, trkC expression is robust at very early developmental stages in sympathetic ganglia, and then downregulated around the time trkA expression appears (Birren et al.,
The Journal of Neuroscience, September 1995, 15(9) 5941 1993; see also DiCicco-Bloom et al., 1993) . There is also very strong evidence that NT-3 has important functions in regulating survival of sensory neurons which later become NGF-dependent in both mouse and quail (Buchman and Davies, 1993 ; see also Gaese et al., 1994) . In all of these systems, it is hypothesized that neurons switch neurotrophin dependence around the time their axons reach target fields, which is their primary source of NGF (see Birren et al., 1993; Buchman and Davies, 1993) . Important in this regard is that many of the BSI-binding DRG neurons innervate skin (Hunt et al., 1992) which is known to be a rich source of NGF during development (Schecterson and Bothwell, 1992) . A subsequent switch from dependence on NGF to dependence on other growth factors has not been previously described, and does not fit neatly into this theoretical framework. Nevertheless, expression of trkA in DRG, like that of trkC, appears very diffuse at early developmental stages Zhang et al., 1994) , consistent with the idea that expression of TrkA receptors in many DRG neurons may be downregulated as development proceeds.
